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ABSTRACT 
The inhibition effect of diethylenetriamine penta(methylene phosphonic acid) (DTPMP) and Trisodium Citrate (TSC) on the 
corrosion behavior of stainless steel in 0.5 M H2SO4 solution was investigated by using weight loss method. The combined 
corrosion inhibition efficiency offered 200 ppm of DTPMP and 150 ppm of TSC was 95%. Polarization study showed that 
the inhibitors inhibit stainless steel corrosion through mixed mode and electrochemical impedance spectroscopy (EIS) 
results confirm the adsorption of the inhibitors at stainless steel/acid interface. The adsorption of DTPMP and TSC onto 
the stainless steel surface was found to follow Langmuir adsorption isotherm modes. Negative values of (ΔGads) in the 
acid media ensured the spontaneity of the adsorption process. The nature of the protective film formed on the metal 
surface has been analyzed by FTIR spectra, SEM and AFM analysis. The activation energy (Ea), free energy change 
(ΔGads), enthalpy change (ΔHads) and entropy change (ΔSads) were calculated to understand the corrosion inhibition 
mechanism. 
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1. INTRODUCTION  
Stainless steel has found very wide application both in modern chemical industries and other places [1]. Stainless steel 
due to its high strength workability and high corrosion resistance is used in various scientific and engineering applications 
like chemical and pharmaceutical industries [2-3], desalination plants [3], food beverage industry [4], petrochemical 
industry [5-7], oil and water pipe line [8], ship naval structures [9-10], water supply and architectural applications. Inhibitors 
are often added to chemical cleaning and pickling process in dilute acids at moderate temperatures. Inhibitors must be 
stable and effective even under severe conditions in hot concentrated acid [11]. Inhibitors are used during acid treatment 
of scaled parts in multistage flash (MSF) desalination plants [12]. The adsorption inhibition is related to the presence of 
heteroatoms such as nitrogen, oxygen, phosphorous and sulfur and long carbon chain length as well as triple bond or 
aromatic ring in their molecular structure. Generally a stronger co-ordination bond cause higher inhibition efficiency (IE) 
[13].    
2. MATERIALS AND METHODS  
2.1 Preparation of working electrode  
Grade 304 Stainless steel strips were cut into 4 cm x 1 cm x 0.2 cm having the following compositions (C – 0.021 %, Si – 
0.888 %, Mn – 1.42 %, P – 0.0177 %, S – 0.0268 %, Cr – 18.20 %, Mo – 0.0373 %, Ni – 9.43 %, Cu – 0.507 %, V – 0.1 %, 
and Fe – 69.36 %) were used for weight-loss studies, while coupons of size 1 cm
2
 were used for electrochemical studies 
and SEM analysis. The stainless steel strips were cut and polished to mirror finish by table grinding wheels and degreased 
with Trichloroethylene.  
2.2 Preparation of 0.5 M H2SO4 
0.5 M H2SO4 solution was prepared by diluting 27.8 ml of 18 M AR-Grade H2SO4 to 1000 ml using double distilled water. 
2.3 Preparation of diethylenetriamine penta(methylene phosphonic acid)  
1g of diethylenetriamine penta(methylene phosphonic acid) (DTPMP) was dissolved in double distilled water and made up 
to 100 ml in a standard measuring flask. 1 ml of this solution was diluted to 100 ml to get 100 ppm of DTPMP. The 
structure of DTPMP is given in figure 1. 
 
Figure 1. Structure of DTPMP 
2.4 Preparation Trisodium citrate solution  
1 g of Trisodium Citrate was dissolved in double distilled water and made up to 100 ml in a standard measuring flask. 1 ml 
of this solution was diluted to 100 ml to get 100 ppm of trisodium citrate. The structure of TSC is given in figure 2. 
 
Figure 2. Structure of TSC 
2.5 Weight Loss Method 
The weight loss method was carried out on the pre-weighed stainless steel specimens of regular form of dimension 4 cm x 
1 cm x 0.2 cm in 100 ml of 0.5 M H2SO4 solution absence and presence of different concentrations of inhibitor at four 
different temperatures viz, 303, 313, 313 and 333 K to study the anticorrosion properties. The specimens were immersed 
for about 6 hours in test solutions. After the immersion period, the specimens were removed from test solutions carefully, 
washed with distilled water, dried and again weighed in order to calculate the surface coverage, inhibition efficiency, and 
corrosion rate using following equations [14]. 
 ------------------------(1) 
   --------------------------------(2) 
Where Wo and Wi are the weight loss in the absence and presence of inhibitor, respectively, and  
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 -----------------------------(3) 
D – Density of the specimen, A – Area of the specimen in square inches, T – Time in hours. 
2.6 Electrochemical methods 
Electrochemical measurements were performed using a CHI electrochemical analyzer model 760D instrument with CHI 
760D operating software. A three-electrode electrochemical setup was used. A working stainless steel electrode 
embedded in Teflon holder was dipped in test solution. A saturated calomel electrode (SCE) and a platinum electrode 
were used and the reference and counter-electrode respectively. In the case of polarization and electrochemical 
impedance spectroscopy, prior to each measurement a stabilization period of 30 min was allowed to establish a steady-
state open circuit potential (OCP) ± 200 mv ranges a sweep rate of 2 mV/s. The electrochemical impedance spectroscopy 
measurements were carried out in the frequency range from 100 kHz to 0.1 Hz with a signal amplitude perturbation of 5 
mV. The double-layer capacitance (Cdl) and charge-transfer resistance (Rct) were calculated from Nyquist plots as 
described elsewhere [15]. 
2.7 Surface Morphological studies 
2.7.1 FT-IR Analysis  
FT-IR spectra were recorded with a frequency ranging 4000 to 400 cm
-1
 for the inhibitor as well as the inhibitor adsorbed 
on stainless steel in 0.5 M H2SO4 solution using FT-IR ATR attachment technique. 
2.7.2 SEM Analysis  
Surface analysis was carried out using scanning electron microscope (SEM). The stainless steel specimens were 
immersed in 0.5 M H2SO4 solution without and with inhibitor for about 6 hours. After 6 hours, immersed specimens were 
drawn from the test solution, cleaned with double distilled water and dried at room temperature. A SEM experiment was 
performed by using a model JSM 6390 scanning electron microscope. 
2.7.3 AFM Analysis 
The stainless steel specimens immersed in various test solutions for 6 hours were taken out, rinsed with double distilled 
water, dried and subjected to the surface examination. The surface morphology measurements of the stainless steel 
surface was analyzed using Park XE-100 atomic force microscopy (AFM) 
3. RESULTS AND DISCUSSION 
3.1 Weight loss study 
The Weight loss values of stainless steel specimens in both acid media without and with different concentrations of the 
inhibitors are determined at three various temperatures viz., 303, 313, 323 and 333K. Inhibition Efficiencies were 
calculated from the weight loss of stainless steel in 0.5 M H2SO4 in different concentrations of inhibitor. For example 200 
ppm of DTPMP has 53% inhibition efficiency and 150 ppm of TSC has only 48% inhibition efficiency. When DTPMP is 
combined with TSC, it is found that inhibition efficiency increases up to 95%. The results indicate that the inhibitor 
produces a significant anticorrosive effect. Similar observations have been reported for corrosion inhibition [16]. The 
corrosion rates and inhibition efficiencies of stainless steel in 0.5 M H2SO4 solution presence and absence of inhibitors are 
listed in table 1. 
Table.1 Corrosion rates & inhibition efficiencies of Stainless steel in 0.5 M H2SO4 solution in presence and 
absence of inhibitors obtained by weight loss method at 303 K 
 
Medium 
Conc. Of 
DTPMP 
(ppm) 
Conc. Of 
TSC (ppm) 
Corrosion Rate 
(mpy) 
IE (%) 
Surface 
coverage (θ) 
 
0.5 M 
H2SO4 
0 0 41.56 -- -- 
200 0 19.40 53.33 0.5333 
0 150 21.61 48.00 0.4800 
200 25 27.43 34.00 0.3400 
200 50 19.40 53.33 0.5333 
200 75 13.30 68.00 0.6800 
200 100 9.42 77.33 0.7733 
200 125 4.99 88.00 0.8800 
200 150 2.22 94.67 0.9467 
200 175 3.33 92.00 0.9200 
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3.2 Potentiodynamic polarization: 
The potentiodynamic polarization curves of Stainless steel immersed in 0.5 M H2SO4 solution absence and presence of 
inhibitors is shown in figure 3. 
 
Figure 3. Potentiodynamic polarization curves for stainless steel in 0.5 M H2SO4solution in (a) absence (b) 
presence of inhibitors. 
The corrosion parameters of Stainless steel is immersed in various test solution obtained by polarization study are given in 
table 2. When Stainless steel is immersed in 0.5 M H2SO4, the corrosion current Icorr is 15.44x10
-4
 A/cm
2
. When 200 ppm 
of DTPMP and 150 TSC are added, it decreases to 6.706 x 10
-4
 A/cm
2
. The significant reduction in corrosion current 
indicates a decrease in corrosion rate in the presence of the inhibitor. It shows that addition of inhibitor molecules anodic 
dissolution of stainless steel and also retards the hydrogen evolution reaction. This effect is attributed to the adsorption of 
the inhibitor on the metal surface. It is also clear that there is a shift towards anodic region in the values of corrosion 
potential Ecorr. Generally it is reported that a change in Ecorr values of up to ± 85 mV can be attributed to a mixed mode of 
inhibition action. [17-19]. This indicates that a protective film is formed on the metal surface [20-21]. The IE was calculated 
using the following equation, 
 -------------------------------------(4) 
Where Icorr and Icorr(inh) are the corrosion current densities absence and presence of inhibitors respectively [22]. 
Table 2. Electrochemical parameters of stainless steel in 0.5 M H2SO4 solution obtained by polarization method. 
System ba mV bc mV 
Ecorr mV V 
SCE 
Icorr A/cm
2
 IE % 
Blank 375.9 138.5 -426 15.55 x 10
-4
 ----- 
200 ppm 
DTPMP 
+150 ppm 
TSC 
249.3 144.5 -418 6.706 x 10
-4
 56.87 
 
3.3 Electrochemical impedence spectroscopy 
The EIS technique is one of the most widely used corrosion monitoring techniques. The Nyquist plots for stainless steel in 
0.5 M H2SO4 solution in absence and presence of inhibitors shown in figure 4.  
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Figure 4. Nyquist plots for stainless steel in 0.5 M H2SO4 solution in (a) absence and (b) presence of inhibitors. 
In the presence of 0.5 M H2SO4 Rct value is 22.52 Ωcm
2 
and Cdl value is 6.24 x 10
-4
 µF cm
2
. When DTPMP & TSC are 
added to this solution Rct value increases to 47.58 Ωcm
2 
and Cdl value decreases to 1.39 x 10
-4
 µF cm
2
. This confirms that 
the formation of a protective film on the metal surface [23-24]. The results of electrochemical studies were in good 
agreement with the results of gravimetric studies with slight deviations. This is due to the difference in immersion period of 
stainless steel in the aggressive media [25]. The EIS parameters namely, charge transfer resistance (Rct) and double layer 
capacitance (Cdl) are given in table 3. 
Table 3. Electrochemical parameters of stainless steel in 0.5 M H2SO4 solutions are obtained by impedance 
method. 
Systems Rct Ωcm
2
 Cdl µF cm
2 
Blank 22.52 6.24 x 10
-4 
200 ppm DTPMP +  
150 ppm TSC 
47.58 1.39 x 10
-4 
 
3.4 FT-IR Spectra 
The FT-IR spectrum of pure DTPMP is shown in Fig 5 a. The stretching frequency of P-O & C-N appears at 1059cm
-1
& 
1111cm
-1
. The FT-IR spectrum of pure TSC is shown in fig 5 b. The stretching frequency of C=O & O-H appears at 
1581cm
-1 
& 3456cm
-1
. The FT-IR spectrum of film formed on the stainless steel surface after immersion in the solution 
containing 200 ppm of DTPMP and 150 ppm of TSC are shown in Fig 5 c. The DTPMP of P-O & C-N stretching 
frequencies are shifted from 1059cm
-1
 to 945cm
-1
 and 1111cm
-1
 to 1174cm
-1
. The TSC of C=O & O-H stretching 
frequencies are shifted from 1581cm
-1
 to 1589cm
-1
 and 3456cm
-1
 to 3472cm
-1
. This suggests that electron cloud density of 
DTPMP & TSC atoms is coordinated with Fe
2+
 on the cathodic sites of the metal surface, resulting in the formation of Fe
2+
- 
DTPMP -TSC complex [26-28]. 
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Figure 5. (c) FT-IR spectrum of  (a) pure DTPMP (b) Pure TSC  
(c) Stainless steel in 0.5 M H2SO4 solution with DTPMP (200 ppm) and TSC (150 ppm) 
3.5 Thermodynamic Parameters 
Thermodynamic parameters play an important role in studying the inhibitive mechanism. Tables 4 & 5 show that the 
calculated values of activation energy (Ea), Heat of adsorption (Qads), enthalpy of adsorption (ΔHads), entropy of adsorption 
(ΔSads) and free energy of adsorption (ΔGads) for stainless steel corrosion in 0.5 M H2SO4 solution presence and absence 
of inhibitors at 303K to 333K. Energy of activation (Ea) was calculated from the slopes of plots log P versus 1/T in figure 6 
and also calculated from Arrhenius equation [16, 29].  
 
Figure 6. Arrhenius plots for corrosion of Stainless steel in 0.5 M H2SO4 in absence and presence of different 
concentration of inhibitors. 
    ---------------------------- (5) 
Where P1 and P2 are the corrosion rates of T1 and T2 respectively. The Ea values for 0.5 M H2SO4 containing inhibitors are 
found to be higher than that of without inhibitors. These higher values of Ea indicate the physical adsorption of the 
inhibitors on metal surface [30-31]. The Ea values are calculated from the slopes of –Ea/2.303R Arrhenius plot by using 
equation (5) are approximately almost similar. The values of heat of adsorption (Qads) are calculated by the following 
equation [32].  
   -------------- (6) 
Where θ1 and θ2 surface coverage of inhibitors at temperature T1 and T2 respectively. The negative values of (Qads) signify 
that the degree of surface coverage decreased and also inhibition efficiency decreased with rise in temperature [33]. The 
enthalpy of adsorption (ΔHads) and entropy of adsorption (ΔSads) are calculated using the following equation [34]. 
 ------------------- (7) 
   ------------------ (8) 
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Table 4. Thermodynamic parameters of Ea & Qads for stainless steel in 0.5 M H2SO4 presence and absence of 
inhibitors. 
 
H2SO4 
(M) 
Conc. Of 
DTPMP 
(ppm) 
Conc. Of 
TSC 
(ppm) 
 
Ea (From 
equation) 
KJ/mol 
 
Ea (From 
Arrhenius plot) 
KJ/mol 
Qads 
KJ/mol 
303 – 
313K 
313 –
323K 
323 –
333K 
0.5 
0 0 2.59 2.91 0 0 0 
200 25 4.63 5.61 -6.20 - 12.85 -5.73 
200 50 10.53 9.71 -15.62 -13.33 -6.09 
200 75 16.28 16.25 -21.05 -22.17 -11.33 
200 100 17.54 17.01 -19.63 -25.79 -27.59 
200 125 22.65 21.23 -23.29 -34.33 -26.81 
200 150 35.90 35.65 -44.69 -38.60 -50.68 
 
Table 5. Thermodynamic parameters of ∆Gads, ∆Hads & ∆Sads for stainless steel in 0.5 M H2SO4 presence and 
absence of inhibitors. 
 
H2SO4 
(M) 
Conc. Of 
DTPMP 
(ppm) 
Conc. 
Of TSC 
(ppm) 
-∆Gads 
KJ/mol 
-∆H 
KJ/mol 
∆S 
KJ/mol 
303K 313K 323K 333K 
 
0.5 
 
 
0 0 -- -- -- -- 2.7664 -- 
200 25 14.66 14.94 15.00 14.83 2.7647 0.0362 
200 50 14.92 14.89 14.94 14.76 2.7637 0.0360 
200 75 15.46 15.27 15.05 14.71 2.7603 0.0359 
200 100 15.93 16.01 15.69 14.87 2.7486 0.0364 
200 125 17.29 17.09 16.54 15.74 2.7461 0.0390 
200 150 19.06 18.21 17.56 16.88 2.7245 0.0425 
 
The negative values of enthalpy of adsorption (∆Hads) imply that adsorption process is exothermic behavior of inhibitor on 
the metal surface [35]. The difference in the inhibition efficiencies of the two compounds depends on their structures, since 
both of the molecules are attached to the surface of alloy. The positive values of entropy of adsorption (∆Sads) confirm that 
the corrosion process is entropically favorable [36]. The free energy of adsorption (∆Gads) at different temperatures is 
calculated from the following equation [37]. 
     -------------------- (9) 
Where K is given by  
       --------------------------- (10) 
Where θ is the degree of surface coverage on the metal surface, C is the concentration of inhibitor in ppm, the value of 
55.5 is the concentration of water in solution expressed in mol/lit, K is the equilibrium constant and R is the universal gas 
constant 8.314 KJ/mol. The negative value of (∆Gads) suggests the strong interaction of the inhibitor molecules onto the 
alloy surface [38-39]. Generally the values of (∆Gads) up to –20 KJ/mol indicating physisorption, while around –40 KJ/mol 
or higher are associated with chemisorption. It is due to sharing or transferring electrons from the inhibitor molecules to the 
metal surface to form a co-ordinate bond [40-43]. 
3.6 Adsorption Isotherm 
Adsorption isotherm can give information on the metal–inhibitor interaction. The electrochemical process on the metal 
surface is likely to be closely to the adsorption of the inhibitor [44] and the adsorption is known to depend on the chemical 
structure of the inhibitors [45-46]. The adsorption of the inhibitors molecules from aqueous solutions can be regarded as 
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quasi-substitution process [47] between the organic molecules in the aqueous solution org(aq) and water molecules at the 
electrode surface, H2O(ads) [48]. 
Org(sol) + x H2O(ads)    ↔    Org(ads) + x H2O 
Here x is the size ratio in the number of water molecules displaced by one molecules of inhibitor. Adsorption isotherms are 
very important in determining the mechanism of organo–electrochemical reactions. The most frequently used adsorption 
isotherms are Langmuir, Tempkin and Frumkin with general formula, 
     ------------------------- (11) 
Where  is the configurational factors that depend essentially on the physical model and assumptions underlying 
the derivation of the isotherm [49]. 
--------------------------- (12) 
Where C is the inhibitor concentration, K is the adsorption equilibrium constant and θ is degree of surface coverage. The 
plot of C/θ versus C Figure 7 gives a straight line confirming that the adsorption of this inhibitor on metal surface obeys the 
Langmuir adsorption isotherm [50]. 
 
Figure 7. Langmuir adsorption isotherm of DTPMP – TSC on the stainless steel in 0.5 M H2SO4 (303 – 333 K) 
3.7 Scanning Electron Microscope 
The surface morphology of stainless steel studied by scanning electron microscopy (SEM) surface was observed after 6 
hours immersion of 0.5 M H2SO4 at 303K before and after addition of DTPMP and TSC. Figures 8 a & b, magnification (x 
1000, x 3000) show the polished metal surface of stainless steel before being exposed to the testing environment, it was 
observed as a uniform surface.  
 
Figures 8 a & b. SEM micrographs of polished Stainless steel (control) 
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Figures 8 c & d. SEM micrographs of Stainless steel in 0.5 M H2SO4 solution (Blank) 
 
 
Figures 8 e & f. SEM micrographs of Stainless steel in 0.5 M H2SO4 solution with 200 ppm DTPMP and  
150 ppm TSC 
Figures 8 c & d (x 1000, x 3000) show the SEM images of after immersion in 0.5 M H2SO4 solution (Blank) without DTPMP 
& TSC showing the presence of small number of pits [51]. SEM investigations of the stainless steel surface data showed 
that, the surface was covered with a lower pit density. Figures 8 e & f (x 1000, x 3000) show the stainless steel surface 
protects after the addition of inhibitor concentration. It is observed that the protective film is formed on the surface of metal. 
These results are good agreement with the above discussion. 
3.8 Atomic Force Microascopy 
To establish whether inhibition is due to the formation of a film on the metal surface via adsorption, atomic force 
micrographs were taken. The two and three-dimensional AFM images are shown in (Fig. 9 a-f). As can be seen from (Fig. 
9 c & f) there was much less damage on the surface of stainless steel with the DTPMP and TSC. The average roughness 
of polished stainless steel (Fig.9 a & d) and stainless steel in 0.5 M H2SO4 without inhibitor (Fig.9 b & e) was calculated. 
However in presence of 200 ppm of DTPMP and 150 ppm of TSC, average roughness was reduced is given in table 6. 
Table 6. AFM data for stainless steel immersed in inhibited and uninhibited environments  
Samples Average Roughness 
(Ra) nm 
Root-mean-square 
Roughness (Rq) nm 
Maximum peak-to-
valley height (P-V) nm 
Polished stainless steel 
(Control) 
16.83 25.24 157.75 
Stainless steel 
immersed in 0.5 M 
H2SO4 (Blank) 
63.28 73.08 295.29 
Stainless steel 
immersed in 0.5 M 
H2SO4 containing 
DTPMP (200 ppm) and 
TSC (150 ppm) 
27.00 37.43 175.51 
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Fig. 9. 2D AFM images of stainless steel surface.  
(a) Polished stainless steel (control)  
(b) Stainless steel immersed in 0.5 M H2SO4 solution (blank)  
(c) Stainless stee immersed in 0.5 M H2SO4 solution containing DTPMP (200 ppm) + TSC (150 ppm) 
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Fig. 9. 3D AFM images of stainless steel surface.  
(d) Polished stainless steel (control)  
(e) Stainless steel immersed in 0.5 M H2SO4 solution (blank)  
(f) Stainless stee immersed in 0.5 M H2SO4 solution containing DTPMP (200 ppm) + TSC (150 ppm) 
CONCLUSIONS 
The following conclusions were made from the study 
 The DTPMP – TSC shows a significant corrosion inhibitors effect as evident from the results of weight loss 
studies. 
 Inhibition Efficiency of DTPMP – TSC was increased with increasing concentration while decreased with 
increasing temperature.  
 Polarization measurements suggested a mixed mode of action of the inhibitor. 
 Electrochemical impedance spectroscopy results confirmed the adsorption of inhibitor molecules onto stainless 
steel. 
 FTIR, SEM and AFM spectra results supported the surface film formation over the surface of stainless steel by 
inhibitor. 
 The adsorption of inhibitor on Stainless steel surface followed Langmuir adsorption isotherm. 
 The negative value of ΔGads indicated that the adsorption is spontaneous and adsorption process is physisorption 
in 0.5 M H2SO4. 
 The negative value of ΔHads indicated that the adsorption is exothermic process. 
 Energy of activation, enthalpies, entropies and heat of adsorption for the inhibition process of DTPMP – TSC 
were studied. 
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